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Smart implantable electronic medical devices are being developed to deliver healthcare that is more connected,
personalised, and precise. Many of these implantables rely on piezoceramics for sensing, communication, energy
autonomy, and biological stimulation, but the piezoceramics with the strongest piezoelectric coefficients are
almost exclusively lead-based. In this article, we evaluate the electromechanical and biological characteristics of
a lead-free alternative, 0.94Big sNag 5Ti03-0.06BaTiO3 (BNT-6BT), manufactured via two synthesis routes: the
conventional solid-state method (PIC700) and tape casting (TC-BNT-6BT). The BNT-6BT materials exhibited soft
piezoelectric properties, with ds3 piezoelectric coefficients that were inferior to commonly used PZT (PIC700:
116 pC/N; TC-BNT-6BT: 121 pC/N; PZT-5A: 400 pC/N). The material may be viable as a lead-free substitute for
soft PZT where moderate performance losses up to 10 dB are tolerable, such as pressure sensing and pulse-echo
measurement. No short-term harmful biological effects of BNT-6BT were detected and the material was
conducive to the proliferation of MC3T3-E1 murine preosteoblasts. BNT-6BT could therefore be a viable material

for electroactive implants and implantable electronics without the need for hermetic sealing.

1. Introduction

Advances in microelectronics, wireless networking protocols, and
informatics are driving a new generation of Implantable Electronic
Medical Devices (IEMDs) that are smarter, more capable, and more
pervasive. Many functions of existing or emerging systems rely on pie-
zoceramics: acoustic sensing in fully implantable cochlear implants [1];
wireless power transfer to therapeutic devices such as cardiac pace-
makers [2], tumour photosensitisers [3] and neurostimulators [4];
wireless data transfer to and from neural interfaces [5,6]; and energy
harvesting from physiological motion in the heart, lungs, and diaphragm
[71. The naturally occurring piezoelectricity of bone has been implicated
in its healing response [8]: piezoceramics have therefore also been
suggested as electroactive, power-source-independent biomaterials for
supraphysiological tissue regeneration [9]. Injectable piezoceramic
nanocrystals are also being investigated as catalysts for ultrasound-
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driven tumour therapies: mechanical stimulation of the nanocrystals
has been shown to produce tumour-eradicating reactive oxygen species
in in vivo xenograft models [10,11].

Historically, the best performing piezoceramics have been lead-
based, principally lead zirconate titanate (PZT), but lead is highly
toxic even in small doses [12]. EU legislation [13] has led to lead-based
piezoceramics being phased out across many industry sectors and has
fostered research into lead-free alternatives [14]. All medical devices
were exempt when the legislation was first introduced, but the scope has
been narrowing — the exemption for PZT-containing in vitro diagnostic
equipment will lapse in 2023 [13] — and is expected to narrow further.

There are currently three families of lead-free piezoceramic mate-
rials that are considered candidates to replace PZT, which are based on
potassium sodium niobate (KNN) [15,16], barium titanate (BT) [17],
and bismuth sodium titanate (BNT) [16]. Of these families, the excellent
piezoelectric properties of KNN-based piezoceramics incited current
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lead-free research interest [18], and this family has in turn been the
subject of intense development efforts [15]. However, large-scale
preparation and processing of KNN-based piezoceramics is more chal-
lenging than current lead-based piezoceramics [16,19,20], and com-
mercial translation of KNN-based piezoceramics has so far lagged
behind research progress [21]. Within the BT-based ceramic family,
calcium- and zirconium-doped barium titanate (BCZT) is of particular
interest due to its high piezoelectric coefficients [17]. Its poor thermal
stability, which is not detrimental to medical applications, and chal-
lenges in piezoceramic synthesis has limited commercial uptake of BT-
based piezoceramics [19]. BNT-based piezoceramics demonstrate
more modest piezoelectric properties than the KNN- and BT-based
families [19], but thermal behaviour is more stable than BT-based pie-
zoceramics. Moreover, BNT-based piezoceramics can be manufactured
by the well-established techniques used for the production of commonly
used ceramics, such as PZT [16]. In the BNT-based family, BT-doped
BNT demonstrates the highest piezoelectric coefficients around the
stoichiometric ratio 0.94Big sNag 5TiO3-0.06BaTiO3 (BNT-6BT) due to a
favourable lattice transition from rhombohedral to tetragonal phase
[22]. BNT-6BT has therefore received considerable research interest,
including for biomedical applications such as high-frequency ultrasound
transducers [23].

In this article, the promising BNT-6BT material is characterised to
determine its suitability for deployment in implantable electronics and
electroactive implants. Two fabrication techniques are considered: the
conventional solid-state sintering method and tape casting with lami-
nation. The conventional ceramic method is well suited to the bulk
manufacture of disc and plate transducers, which can be used in appli-
cations like wireless power transfer, whilst the tape casting technique is
suited to the manufacture of multilayer actuation devices with reduced
operating voltages. The electromechanical properties of ceramics from
both fabrication techniques are characterised and contextualised with
figures of merit for implant-relevant applications: sensing, actuation,
stimulation, energy harvesting, and pulse-echo measurement. Further-
more, the cytotoxicity and biocompatibility of BNT-6BT were assessed to
determine its suitability for in vivo applications.

2. Materials and methods
2.1. Specimens and fabrication

BNT-6BT piezoceramics from two fabrication techniques were
investigated: the first specimens (PIC700) were a commercial material
manufactured by the conventional ceramic method (PI Ceramic, Ger-
many) whilst the second specimens (TC-BNT-6BT) were synthesised by
tape casting with lamination. PIC700 samples were sintered and poled as
a bulk material in an oil path; samples were then cut from the bulk
material and lapped to the specified geometries (310 x 1.25 mm® discs
and 5 x 5 x 0.325 mm? plates) and silver electrodes were applied.

TC-BNT-6BT samples were made from ceramic powder manufac-
tured by spray pyrolysis (CerPoTech, Norway). Self-standing tapes of
BNT-6BT were cast to a final thickness of 0.2 mm after drying using an
alcohol-based slurry. After drying in ambient air, laminated films were
made by pressing at room temperature to obtain a final thickness of 0.9
mm. The dried tapes and the laminated films were cut and sintered at
1150 °C in air for 2 h: plates with dimensions of 5 x 5 x 0.9 mm® and 5
x 5 x 0.2 mm® were produced. Electrodes were applied using silver
lacquer and samples were annealed at 700 °C for four hours before being
poled in silicone oil at 3 kV/mm at 150 °C for 30 min and field-cooled to
below 40 °C.

Samples of a commercial PZT material (NCE51, Noliac, Denmark)
with dimensions of 5 x 5 x 0.5 mm® were used as a comparator to the
BNT-6BT samples for the in vitro cytotoxicity testing.
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2.2. Electromechanical characterisation

Electromechanical properties of the bulk-manufactured and tape-
cast specimens were measured according to European standard EN
50324-2:2002 [24]. Impedance measurements around each resonance
were acquired using a precision impedance analyser (4294A, Agilent,
USA) at high bandwidth with sixteen averages per measurement. Re-
lationships between resonant frequency pairs were used to calculate
coupling factors and the dielectric, elastic, and piezoelectric constants.

Figures of merit were used to determine suitability of the charac-
terised BNT-6BT specimens for implant-relevant applications: actuation,
stimulation, sensing, energy harvesting, and pulse-echo measurement.
These figures of merit were then referenced against current PZT-based
piezoceramics and lead-free alternatives (Appendix: Table A.1).

High piezoelectric charge/strain coefficients (d;,), which cause ma-
terials to exhibit high displacement in response to applied voltage
(converse piezoelectric effect), were regarded as appropriate for actu-
ator materials [25]. Materials with high piezoelectric voltage co-
efficients (g;,) exhibit high output voltages generation in response to
applied stress (direct piezoelectric effect). Materials with high d;,-gi,
were regarded as ideal sensors [26].

Two different figures of merit were used for off-resonance and on-
resonance piezoelectric energy harvesting [27], which corresponded
to energy harvesting at low frequencies (<1 kHz; e.g. physiological
motion) and high frequencies (>100 kHz; e.g. acoustic power transfer).
In the thickness-extension mode, these figures of merit (FOMs) were

dan-
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where tansg was the dielectric loss tangent, k; was the thickness-mode
piezoelectric coupling coefficient, and Qu was the mechanical quality
factor.

For pulse-echo transducers, the transmission efficiency and receiver
sensitivity parameters (TP and RP respectively) in the thickness-
extension mode were used as figures of merit [28]:
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where £5, was the permittivity at constant strain and c3; was the stiffness
at constant dielectric displacement, both in the poling direction.

2.3. Biological characterisation

2.3.1. Cytotoxicity and cell proliferation

The in vitro cytotoxicity of BNT-6BT was evaluated according to ISO
10993-5:2009 [29], including both direct tests for cell ongrowth and
indirect tests for leaching. Poled, non-electroded PIC700 and unpoled,
non-electroded TC-BNT-6BT samples (both n = 3) were sterilised by
immersion in 70 % ethanol solution (30 mins) and irradiation by UV
light (30 mins on each side). In the direct tests, murine preosteoblasts
from the MC3T3-E1 cell line (ATCC CRL-2593) were seeded directly on
the samples (passage 1) at a density of 50,000 cells/cm? and cultured for
24 h (37 °C; 5 % CO9; 21 % O-) in basic cell culture medium: MEM
(Gibco™, Thermo Fisher Scientific, USA) supplemented with 10 % foetal
bovine serum (Gibco™, Thermo Fisher Scientific, USA) and 1 %
penicillin-streptomycin (Gibco™, Thermo Fisher Scientific, USA). In the
indirect tests, samples were incubated in media for 24 h at 37 °C prior to
testing, and 12,500 cells/well were cultured in serial dilutions of the
extracted media (0 %, 25 %, 50 % and 100 %). PZT samples (Noliac
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NCE51; 5 x 5 x 0.5 mm?; n = 3) were used as a comparator, and media
with 10 % DMSO (ATCC 4-X) was used a cytotoxic control. Fluorescence
readings (Aex: 530 nm; Ay 590 nm) for cell metabolic activity were
acquired in triplicate after 30 min incubation with alamarBlue Cell
Viability Reagent (ThermoFisher DAL1025) according to the manufac-
turer’s instructions. These measurements of metabolic activity were
repeated again after 5 and 9 days with the PIC700, the PZT reference
material, and the blank media to record cell proliferation. The pH level
of each sample was monitored throughout culture.

2.3.2. Invitro culture

Murine preosteoblasts from the MC3T3-E1 cell line (ATCC CRL-
2593) were proliferated until passage three in basic cell culture me-
dium: MEM (Gibco™, Thermo Fisher Scientific, USA) supplemented
with 10 % foetal bovine serum (ATCC 30-2020) and 1 % penicillin-
streptomycin (Gibco™, Thermo Fisher Scientific, USA). At 90 % con-
fluency on the final passage (Fig. 1), the cells were trypsinised and
centrifuged for 5 min at 1200 rpm within 15 ml falcon tubes. After
centrifuge, the cell pellet was extracted and measured with a haemo-
cytometer, and 5000 cells/cm? were seeded directly onto PIC700 BNT-
6BT samples (n = 3). Specimens with cells were left for 40 min inside
the incubator to allow cells to adhere to the ceramic surface, before 1 ml
of basic cell culture medium was added to each well. Specimens were
cultured in 24-well plates for 7, 14, and 21 days in standard normoxic
conditions (37 °C; 5 % COs; 21 % 0O5), and cell culture medium was
replaced every 3-4 days as needed.

Viability was determined at each timepoint by staining samples with
Calcein-AM/Ethidium homodimer (Biotium, USA) according to the
manufacturer’s instructions. After the addition of both dyes, the samples
were maintained in the dark at room temperature for 30 min, washed
with phosphate buffered saline, and imaged using an upright confocal
microscope (Leica Microsystems, Germany). Fifteen serial sections were
captured as z-stack images using the Leica software.

After confocal imaging, samples were fixed in 2.5 % glutaraldehyde
with 0.1 M phosphate buffer (pH 7.4) overnight, dehydrated through a
series of ethanol solutions (20-100 %; 7 min per solution), and air-dried
for analysis. Samples were then sputter-coated with chromium (thick-
ness: 15 nm) and imaged using a scanning electron microscope (TESCAN
MIRA, Czechia) for signs of cellular ongrowth.
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Fig. 1. Murine preosteoblast cells at 90 % confluency on the final passage for
the in vitro biocompatibility test: cells were ellipsoidal when clustered (blue
circles) and more elongated with protruding lamellipodia when more isolated
(red circles). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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2.3.3. Ex vivo culture

The cytotoxicity of PIC700 BNT-6BT specimens was evaluated in
living bone using an ex vivo bioreactor model as an alternative to early-
stage animal testing [30]. Fresh trabecular bone cores (10 mm x 5
mm; n = 6) were extracted from distal porcine femur in a sterile hood
using a sterilised surgical sagittal and hole saw. The cores were then
washed in Dulbecco’s phosphate-buffered saline (DPBS; Gibco™,
Thermo Fisher Scientific, USA) with 1 % penicillin/streptomycin
(Gibco™, Thermo Fisher Scientific, USA) and vortexed for 30 s to reduce
cutting debris. An incision was made into each of the bone cores with a
scalpel through the midplane of the cylinder from its axis to its
circumference. PIC700 plates, sterilised in accordance with Section 2.3,
were then press-fit into the incisions. The remaining cores (n = 2) were
incised without implantation as controls. All bone cores were then
incubated (37 °C; 5 % CO»; normoxic) in cell culture medium, which
consisted of DMEM/F-12 with HEPES (Gibco™, Thermo Fisher Scien-
tific, USA) plus 10 % foetal bovine serum (Gibco™, Thermo Fisher
Scientific, USA) and 1 % penicillin/streptomycin (Gibco™, Thermo
Fisher Scientific, USA) and was replaced every seven days. All bone
cores were culturing within the incubator within five hours of eutha-
nisation. The culture was terminated after 28 days.

Each bone core was stained with Calcein-AM/Ethidium homodimer
(Biotium, USA) according to the same process as Section 2.3.2, and
samples were imaged for cell viability using an upright confocal fluo-
rescence microscope (Leica Microsystems, Germany). Images were ac-
quired from the surface of the piezoceramic, from bone tissue adjacent
to the piezoceramic, and in the bulk of the tissue (enabled with an
additional incision made post-staining). Approximately 15 serial sec-
tions of the tissue’s live/dead cells were captured as z-stack images and
merged using the Leica software.

Research was registered in accordance with the host institution’s
policy for lab-based research with animal tissue. Tissue was sourced as a
waste material from pigs that were euthanised for unrelated research
that did not affect bone metabolism or healing.

3. Results
3.1. Electromechanical characterisation

Piezoelectric coefficients for the bulk-manufactured and tape-cast
BNT-6BT specimens (PIC700 and TC-BNT-6BT respectively) were
near-equivalent. Referencing the materials for sensing, charge co-
efficients (d33) were ~ 10 dB lower than a standard PZT material (PZT-
5A) for the same application, whilst voltage coefficients (g33) were
similar (Table 1; Fig. 2a). Performance in sensing applications was

Table 1
Electromechanical characterisation of PIC700 in the planar and thickness-
extension modes.

Symbol  PIC700  TC-BNT- Units
6BT
Dielectric Properties
Relative permittivity e33/€0 648 638 -
Dielectric loss tangent tansg 205 300 x104
Piezoelectric Properties
Electromechanical coupling k, 0.088 0.15 -
factors ke 0.401 0.22 -
Piezoelectric constants ds3 116 121 pC/N
233 20.3 21 mV-m/N
Mechanical Properties
Elastic compliances 2y 10.1 - x10'° N/m?
sy 12.3 - x1072 m%/
N
Mechanical loss tangent tandy 76 104 x1074
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Fig. 2. Figures of merit for BNT-6BT versus conventional PZT-based and other lead-free piezoceramics (@ commercial; o research): (a) piezoelectric charge and
voltage coefficients; (b) off- and on-resonant energy harvesting performance; and (c) transmission efficiency and receiver sensitivity. Performance is best in the top

right corner of each plot and decreases as either the x- or y- parameter decreases.

Data sources: [50-82]. [52-84].

comparable to the other lead-free alternatives: KNN-based and BT-based
piezoceramics. Figures of merit for BNT-6BT (PIC700) were substan-
tially lower in off-resonant (—24.9 dB) and on-resonant (—31 dB) energy
harvesting applications compared to a standard PZT material (PIC181;
Fig. 2b). Performance metrics in energy harvesting applications were
comparable to KNN-based piezoceramics but considerably lower than
BT-based piezoceramics (Fig. 2b; 10-15 dB in both modes). Transmit
efficiency and receiver sensitivity parameters for pulse-echo transducers
in the thickness-extension mode were similar for all piezoceramic fam-
ilies (Fig. 2c): BNT-6BT (PIC700) was at the lower end of the range of
PZT transmit efficiency parameters with a performance deficit of 8 dB to
the best-performing PZT material.

3.2. Biological characterisation

3.2.1. Cytotoxicity and cell proliferation

The viability of MC3T3-E1 murine preosteoblasts was above the ISO
10993-5:2009 cytotoxicity threshold (70 % of the 24-hour baseline
value) in all assays of BNT-6BT specimens, for both manufacturing
methods, and for both the indirect elution and the direct contact tests
(Fig. 3a, —b & -e; 84-127 % viability). The same was true for the PZT
reference material (Fig. 3¢ & -e; 86-134 %), but cell viability did reduce
to 37 % in the cytotoxic control (10 % DMSO; Fig. 3d; p < 0.001). The
MC3T3-E1 cells proliferated from day 1 through to day 9 in the extended
direct contact cultures with the BNT-6BT (PIC700; Fig. 4; 292 % pro-
liferation; p < 0.001) and PZT (NCE51; 338 %; p < 0.001) specimens,
though proliferation by day 9 was 47 % slower than the cells in blank
media (552 %; p < 0.001). The pH in all tests remained neutral.

3.2.2. Invitro culture

In all phases of the 21-day in vitro culture, the MC3T3-E1 cells
demonstrated typical morphologies and growing behaviour, with high
viability and proliferation of cells up to 100 % confluence on the BNT-
6BT piezoceramic surface by this time point (Fig. 5). Flattened cells
with lamellipodia were seen growing in small clusters on the BNT-6BT
surface after seven days of culture (Fig. 6a & -d); cell density had
increased and small deposits (~50 pm in thickness) of extracellular
matrix were observed on day 14 (Fig. 6b & -e); and continued prolif-
eration through to day 21 had resulted in dense cell coverage and further
deposition of immature extracellular matrix on the piezoceramic surface
(Fig. 6¢ & -).

3.2.3. Ex vivo culture

After 28 days of ex vivo culture, organic tissue (~100 pm) was
observed on the implanted BNT-6BT specimens but there was no evi-
dence of cell proliferation onto the piezoceramic (Fig. 7a). High viability
was maintained in the cancellous bone tissue adjacent to the implant
(Fig. 7b) and in the bulk tissue (Fig. 7c), indicating no considerable
harmful effect of BNT-6BT on bone viability in the first 28 days of
implantation.

4. Discussion

This study presents the most comprehensive assessment of BNT-6BT
as a lead-free piezoceramic for biomedical implant applications, inves-
tigating BNT-6BT from two synthesis routes, solid state (PIC700) and
tape casting with lamination (TC-BNT-6BT), and considering several
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Fig. 3. ISO 10993-5 indirect cytotoxicity testing of (a) bulk-manufactured BNT-6BT (PIC700) and (b) tape-cast BNT-6BT compared to (c) PZT (NCE51) and (d)

cytotoxic control (10 % DMSO), and (e) direct cytotoxicity testing for all samples.

applications, including sensing, power transfer, and tissue regeneration.
The electromechanical and biological properties of both materials were
evaluated with reference to conventional PZT materials and leading
lead-free alternatives: KNN- and BT-based piezoceramics.

The measured piezoelectric coefficients of the bulk-manufactured
BNT-6BT (PIC700; ds3: 116 pC/N: gs3: 20.3 mV-m/N) were consistent
with results from two other publications [31,32]. Piezoelectric co-
efficients for the tape-cast BNT-6BT (TC-BNT-6BT; ds3: 121 pC/N: gs3:
21 mV-m/N) were concordant with the bulk-manufactured piezocer-
amic, and similar piezoelectric performance should be expected. These
properties were weaker than standard PZT materials (ds3: ~400 pC/N;
g33: ~25 mV-m/N) but comparable to undoped lead-free piezoceramics:
KNN (ds3: ~100 pC/N; g33: ~25 mV-m/N) and BT (ds3: ~150 pC/N; gs3:
~15 mV-m/N) (Appendix: Table A.1). Doped KNN- and BT-based pie-
zoceramics with higher coefficients have been produced, notably BCZT
(ds3: ~500 pC/N; gs3: ~10 mV-m/N), but these materials are yet to be
commercialised.

Figures of merit indicated that performance losses of ~10 dB would
be associated with the substitution of standard PZT materials with BNT-
6BT in sensing and pulse-echo measurement applications, though per-
formance was comparable to other undoped lead-free piezoceramics and
may be tolerable in some implantable electronic systems. BNT-6BT was
shown to be less suitable for energy harvesting systems, on-resonant or
off-resonant, with figures of merit predicting performance losses up to
30 dB. The voltage coefficient (g33) of BNT-6BT is comparable to PZT
and other lead-free materials: BNT-6BT may therefore be a good
candidate for investigating electrically stimulated tissue regeneration
with higher piezoelectric coefficients [9].

The short-term cytological properties of BNT-6BT appear promising:
cell viability was above the cytotoxicity threshold in both the ISO
10993-5 indirect elution and direct contact assays with both BNT-6BT
materials. Additionally, no effect on cell viability was detected when
poled PIC700 was implanted in bone and cultured ex vivo. These ex-
periments on murine preosteoblast cells (MC3T3-E1) and porcine bone
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Fig. 5. Confocal micrographs for (a, b, c) live and (d, e, f) dead cells on the surface of BNT-6BT specimens coloured green and red respectively. (a, d) clusters of live
cells with some cell death was observed after seven days; (b, e) cells had proliferated and increased in density on the piezoceramic surface by day 14; and (c, f) near-

total saturation of the piezoceramic surface was seen by day 21 of culture. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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Fig. 6. Scanning electron micrographs (backscatter electron; beam energy: 10 keV; beam current: 300 pA) of MC3T3-E1 ongrowth onto BNT-6BT showing (a, d)
clusters of flattened cells with lamellipodia at seven days, (b, e) widespread cell proliferation and small deposits of extracellular matrix by 14 days, and (c, f) dense,
near-total coverage of the BNT-6BT surface with further deposition of extracellular matrix by 21 days.

Fig. 7. Confocal micrographs of tissue stained with Calcein-AM/Ethidium homodimer (live cells: green; dead cells: red) after 28 days in ex vivo culture: (a) acellular
organic deposits were observed on the implanted BNT-6BT specimens; (b) viable cells were observed on trabeculae adjacent to the BNT-6BT implant; and (c) cell
viability was maintained on trabeculae in the bulk tissue (>2 mm from the BNT-6BT implant or any incised surface). (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

support the conclusions of the only previous biocompatibility study of
BNT-6BT [33], which found no short-term harmful effect of BNT-6BT
nanoparticles on lung carcinoma epithelial cells (A549). Neutral pH
was maintained in both BNT-6BT and PZT specimens through 9 days of
culture, which indicates no or minimal ion release from the solid-state
materials during this time. Long-term ion release is an important
concern for all piezoceramics: ion release has been reported in PZT [34],

KNN [35] and BT [36], and similar behaviour should therefore be
anticipated in BNT-6BT. Nonetheless, the ionic components of BNT-6BT
are generally regarded as non-toxic: bismuth(IIl) compounds have
several medical uses [37-39], though prolonged intake above the rate of
excretion can cause encephalopathy through accumulation [40]; sodium
is naturally occurring in the body; and barium titanate is otherwise
considered highly biocompatible [41]. Additionally, ion release from
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piezoceramics may terminate after an initial period as indicated by
dissolution studies of BCZT, a BT-based piezoceramic, and could
potentially be addressed by pre-conditioning the material prior to im-
plantation [42].

Murine preosteoblasts (MC3T3-E1) proliferated on poled PIC700
when cultured in vitro with some evidence of extracellular matrix for-
mation, which suggests BNT-6BT is conducive to osseointegration.
Proliferation in direct contact with PIC700 was 47 % slower than in
blank media (p < 0.001): this result was expected as cell culture wells
are treated to make their surfaces more hydrophilic and adherent for
cells, while the ceramic materials were untreated and their surface
topography was not optimised in this preliminary investigation. Speci-
mens were also in static culture, which does not capture potentially
beneficial bulk effects of piezoelectric transduction under physiological
loading. Prior investigations of pure BNT found that MC3T3-E1 cell
proliferation and bone-like apatite formation depended on polarity,
which could be harnessed for the regeneration of bone tissues [43]. The
piezoelectric coefficients found in our study BNT-6BT are an order of
magnitude stronger than pure BNT, two or three orders of magnitude
stronger than hydroxyapatite [44] and natural bone [45], and in near-
parity with barium titanate. Whilst optimum piezoelectric coefficients
for bone regeneration have not been identified, several BT-based ma-
terials have been studied in supraphysiological piezoelectric implants:
BT implants [41], BT-based composites [46] and BT foams with hy-
droxyapatite coating [47] have been shown to promote in vitro or in
vivo bone growth and remodelling. Subsequently, BT-based piezocer-
amics have been integrated into biomedical implants using techniques
including 3D printing [48-50], spray deposition [42], and electro-
spinning [51], though fabrication of complex electroactive scaffolds
with high BT content remains a challenge. Given the manufacturability
and biocompatibility demonstrated in this paper, BNT-6BT constitutes a
strong candidate for the future production of electroactive scaffolds with
high piezoceramic content and high piezoelectric coefficients. Similar
additive techniques could be adopted to manufacture porous BNT-6BT
scaffolds for piezoelectric bone stimulation.

5. Conclusion
While the figures of merit for BNT-6BT were 5-31 dB inferior to

standard PZT-materials, the material was found to be non-cytotoxic and
conducive to cell proliferation, and hence it could serve as a viable lead-

Appendix A
Table A.1

Biomaterials Advances 154 (2023) 213590

free alternative for applications where moderate performance losses are
tolerable, such as pulse-echo measurements and pressure sensing. BNT-
6BT may also be a viable biomaterial for electroactive implants and
implantable electronics without the need for hermetic sealing.
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Thickness-extension mode properties for PZT-based and lead-free piezoceramics materials from commercial and academic sources.

Family Name ds3 (pC/N) gs3 (mV/m) 2, (101 N/m?) sk, (10712 m2/N) &55/€0 (=) ke (5) tansg (1074 Qu (-) Reference

Soft PZT 5A 400 25.1 15.5 20.4 910 0.48 200 85 [53]
5B 430 24.9 17.5 21.1 960 0.48 200 920 53
5C 470 22.7 16.3 20.9 1140 0.51 150 80 [53]
5D 580 22.2 16.6 23.0 1300 0.51 150 80 [53]
5E 580 20.2 17.9 21.6 1480 0.52 200 85 [53]
S5H 640 19.8 15.0 235 1690 0.5 150 75 [53]
SHD 680 19.9 16.8 23.8 1660 0.53 150 65 [53]
5x 700 19.3 14.5 25.0 1880 0.53 200 65 [53]
5XD 730 17.9 16.2 23.9 1710 0.55 200 60 [53]
PIC151 500 21.5 15.7 19.4 1107 0.53 200 100 [52]
PIC152 240 23.4 16.6 14.8 864 0.41 150 100 [52]
PIC153 600 16.4 15.5 20.0 2105 0.49 300 50 [52]
PIC155 360 27.9 15.8 19.3 782 0.48 250 80 [52]
PIC255 400 25.0 15.4 19.0 864 0.47 200 80 [52]
NCE51 443 26.3 16.2 21.3 823 0.50 150 80 [54]

Hard PZT 4A 145 41.6 17.4 12.8 240 0.48 30 1400 [53]
4B 180 33.9 18.8 16.0 360 0.48 30 1300 [53]
4C 220 32.9 17.9 16.9 430 0.48 40 1200 [53]
4D 310 25.8 16.2 17.5 730 0.49 50 500 [53]
4E 350 25.6 17.0 19.3 820 0.51 40 1000 [53]

(continued on next page)
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Table A.1 (continued)
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Family Name ds3 (pC/N) g33 (mV/m) 2, (10 N/m?) sE, (10712 m%/N) 5,/0 (- ke (-) tans; (1074 Qu (—) Reference
4F 350 26.4 17.4 18.8 750 0.47 50 1500 [53]
4G 340 24.1 16.7 17.5 840 0.49 50 1800 [53]
8A 240 26.5 17.4 15.9 610 0.48 30 1000 [53]
8B 260 24.6 17.8 15.2 690 0.48 20 1000 [53]
PIC181 265 23.0 17.0 13.3 649 0.46 30 2000 [52]
PIC184 220 22.4 15.8 13.7 546 0.44 30 400 [52]
PIC144 225 23.3 16.6 14.3 640 0.48 30 1000 [52]
PIC241 290 20.5 17.6 14.3 863 0.46 50 1200 [52]
PIC300 155 20.9 16.3 12.0 614 0.43 30 1400 [52]
NCE40 304 27.5 12.7 14.6 638 0.48 25 700 [52]
NCE41 310 25.9 11.6 16.0 684 0.50 40 1400 [52]
NCE81 255 28.0 12.7 15.0 551 0.47 17 1300 [52]

BNT Pz46 18 9.2 - - 211 0.20 40 2000 [82]
BNT 95 25.2 - - - - 320 - [55]
BNT 77 26.9 - - - - 214 - [56]
BNT-6BT 125 24.3 - 10.0 538 0.53 130 - [83]
BNT-4BT 95 26.0 13.3 9.0 318 0.44 370 361 [58]
BNT-6BT 148 28.5 13.6 9.2 457 0.40 480 330 [84]
BNT-6BT 117 17.0 - - 583 0.43 250 256 [571
BNT-6BT-La 125 9.0 - - 626 0.38 450 182 [57]
BNT-6BT-Nb 118 8.3 - - 637 0.38 460 199 [571
BNT-6BT-Co 139 13.1 - - 567 0.46 230 253 [571
BNT-6BT-La-Nb 135 9.2 - - 640 0.38 440 127 [57]
BNT-6BT-La-Co 127 11.2 - - 622 0.38 210 263 [571
BNT-2BT 78 21.9 - - 587 0.46 173 - [59]1
BNT-4BT 87 22.1 - - 592 0.45 207 - [59]
BNT-6BT 122 22.9 - - 597 0.40 179 - [59]
BNT-8BT 112 15.0 - - 628 0.42 204 - [59]
BNT-10BT 94 13.9 - - 633 0.41 239 - [59]1
BNT-BKT-BT 126 9.5 - - 1063 0.50 600 40 [60]

KNN Pz61 80 18.1 - - 382 0.40 400 25 [61]
KNN 110 26.3 - - 319 0.45 300 - [62]
KNN 90 25.4 - - 285 0.40 250 - [63]
Doped KNN 140 47.9 - - 257 0.40 400 - [63]
KNN 127 29.0 21.4 10.1 306 0.46 150 240 [64]
KNN-LS 265 21.7 15.9 15.0 830 0.46 200 40 [64]
KNN-KCN 90 34.9 12.9 9.3 190 0.50 60 1500 [65]
KNN-Ta 162 68.5 23.2 15.5 54 0.65 - - [65]
KNN-LT 354 50.6 15.7 27.0 272 0.45 - - [65]
KNN 95 23.8 - - - - - - [66]
KNN-LT 200 39.6 - - — - - - [66]
KNN-LN 235 - - - - 0.48 - - [671
KNN-LN 170 49.2 - - - - 275 - [68]
KNN-LN 314 53.7 - - - - - - [69]
KNNS-BNKZ 490 - - - 1200 0.55 200 - [70]
KNNS-BNZH 380 21.4 12.7 16.8 975 0.48 200 200 [71]
KNN-LS-BCZ 345 21.6 19.4 14.0 844 0.47 1000 ~60 [72]
KNN-LS-BZ 408 16.4 18.6 17.0 1628 0.39 1000 ~30 [72]

BT SM511 160 14.3 - - 1000 0.32 50 1000 [73]
BT 135 13.8 19.5 9.3 880 0.40 50 500 [53]
BT 160 11 - - 1279 0.26 50 1300 [74]
BT-Li 260 16.8 - - - - - 357 [75]1
BT-LiF 270 10.6 - - - - 120 - [76]
BCZT 620 - - - - - - - 771
BCZT 572 13.4 - - - - 150 125 [78]
BCZT 390 3.9 16.2 6.5 2876 0.24 300 ~1000 [79]
BCZT-Zn 420 10.7 10.8 13.8 2788 0.42 - 135 [80]
BCST 405 13.3 - - - - - 117 [81]
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